McKimmie RL, Easter L, Weinberg RB. Acyl chain length, saturation, and hydrophobicity modulate the efficiency of dietary fatty acid absorption in adult humans. Am J Physiol Gastrointest Liver Physiol 305: G620 -G627, 2013. First published September 5, 2013; doi:10.1152/ajpgi.00258.2013.-Intestinal fat absorption is known to be, overall, a highly efficient process, but much less is known about the efficiency with which individual dietary fatty acids (FA) are absorbed by the adult small intestine. We therefore measured the absorption efficiency of the major dietary FA using sucrose polybehenate (SPB) as a nonabsorbable marker and analyzed how it is modulated by acyl chain physicochemical properties and polymorphisms of proteins involved in chylomicron assembly. Dietary FA absorption efficiency was measured in 44 healthy subjects fed a standard diet containing 35% fat and 5% SPB. FA and behenic acid (BA) were measured in homogenized diets and stool samples by gas chromatography-mass spectroscopy, and coefficients of absorption for each FA were calculated as 1 Ϫ [(FA/BA)feces/(FA/BA)diet]. Absorption coefficients for saturated FA decreased with increasing chain length and hydrophobicity (mean Ϯ SE) and ranged from 0.95 Ϯ 0.02 for myristate (14:0), 0.80 Ϯ 0.03 for stearate (18:0), to 0.26 Ϯ 0.02 for arachidate (20:0). Absorption coefficients for unsaturated FA increased with increasing desaturation from 0.79 Ϯ 0.03 for elaidic acid (18:1t), 0.96 Ϯ 0.01 for linoleate (18:2), to near complete absorption for eicosapentaenoic (20:5) and docosahexaenoic (22:6) acids. Of several common genetic polymorphisms in key proteins involved in the chylomicron assembly pathway, only the intestinal fatty acidbinding protein-2 A54T allele (rs1799883) had any impact on FA absorption. We conclude that acyl chain length, saturation, and hydrophobicity are the major determinants of the efficiency with which dietary FA are absorbed by the adult small intestine.
THE HUMAN DIET CONTAINS FATS that incorporate a broad spectrum of fatty acids (FA) of varying chain length and degree of desaturation (50) . Decades of epidemiological and clinical studies have established that individual FA can have dramatically different effects on human lipid metabolism and disease. For example, dietary saturated FA, especially myristic (14:0), palmitic (16:0) , and elaidic (18:1trans) acids, raise plasma low density lipoprotein cholesterol levels and increase the risk for developing atherosclerotic cardiovascular disease (66) , whereas increased intake of oleic acid (18:1) and polyunsaturated FA, such as linoleic (18:2) and linolenic (18:3) acids, has the opposite effects (16) . The long-chain, highly unsaturated 3 FA eicosahexaenoic acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6) lower plasma triglycerides (TG), mediate a number of salutary metabolic and anti-inflammatory effects (4, 32, 36) , and accelerate neonatal neural development (23, 24) . Thus, the efficiency with which different dietary FA are absorbed by the intestine is relevant to assessing their impact on human health.
Dietary fat absorption has classically been measured by fat balance studies (12, 50) . The method is conceptually simple: subjects eat a standardized diet containing a defined amount of fat; daily dietary intake is carefully recorded; and the entire fecal output over several days is collected, homogenized, and analyzed for TG. However, in practice, fat balance studies are burdened by esthetic, logistical, and technical issues that can introduce considerable inaccuracy. Thus, although total dietary TG absorption is acknowledged to be, overall, a highly efficient process (1, 12, 25, 50) , much less is known about the efficiency with which individual nutritionally important FA are absorbed by the healthy adult gut.
A novel solution to these problems was described by Jandacek et al., who showed that sucrose polybehenate (SBP), a component of the Food and Drug Administration (FDA)-approved food additive Olestra, in which multiple behenic acid (BA, 22:0) chains are esterified to sucrose, can serve as a useful nonabsorbable marker in fat balance studies (26) . Because SPB is not hydrolyzed by intestinal lipases, it passes unchanged into the stool; thereafter, chemical hydrolysis of diet and stool samples liberates BA, and determination of the FA-to-BA ratios in both diet and stool yields the absorption efficiency of each dietary FA with a single analysis. With this elegant ratio method there is no need to collect the total fecal output over several days (very small daily samples suffice), and the accuracy of the calculated absorption coefficients is less sensitive to subject-to-subject variation in dietary intake or stool frequency.
In the present study, we used the SPB method to measure coefficients of absorption for the full spectrum of nutritionally significant dietary FA in a cohort of healthy adult subjects and analyzed how FA absorption efficiency is modulated by acyl chain physicochemical properties. In addition, we also examined how several functional polymorphisms in key proteins involved in chylomicron assembly impact intestinal FA absorption. Our data establish that acyl chain length, degree of saturation and hydrophobicity, but not common genetic polymorphisms, are the major determinants of the efficiency with which dietary FA are absorbed by the adult small intestine, in keeping with the central role of bile salt-mixed micelles in solubilizing dietary FA in the intestinal lumen (12, 50) . Comparison of these data with ongoing studies examining the impact of bariatric surgical procedures on the absorption of individual dietary FA may further elucidate the mechanisms by which these procedures exert their salutary metabolic effects. 
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MATERIALS AND METHODS
Subjects. This research was conducted in accord with the ethical principles of The Declaration of Helsinki. The research protocol and informed consent forms used in the study were reviewed and approved by the Wake Forest Health Sciences Institutional Review Board (IRB00001070). Healthy adult subjects were recruited by posted notices. The sole inclusion criteria were age Ն18 yr and body mass index (BMI) between 19 and 35. Exclusion criteria were: 1) a history of gastrointestinal disease, including chronic constipation, chronic diarrhea, inflammatory bowel disease, chronic pancreatitis, or liver disease; 2) a history of gastrointestinal surgery, including cholecystectomy, gastric bypass, or bowel resection; 3) a history of hyperlipidemia; hypertension; diabetes; thyroid, renal, or cardiovascular disease; 4) use of insulin, oral hypoglycemic medications, or medications that can alter lipid absorption or metabolism; 5) known intolerance to fish oil or Olestra; and 6) pregnancy or breast feeding. The purpose and procedures of the study were reviewed with each eligible respondent; subjects interested in participating then provided written informed consent.
Study design. The study was conducted in the Wake Forest School of Medicine Clinical Research Unit (CRU), which provided a dedicated team of research nurses, a metabolic kitchen directed by a research dietician, and an on-site specimen processing lab. Every morning for 4 days, subjects came to the CRU to pick up a cooler containing all of their meals for the day, which had been previously prepared by the CRU metabolic kitchen. Subjects were instructed to eat and drink only the foods provided by the metabolic kitchen during the study, with the exception of water or noncaloric beverages. On days 3 and 4, subjects collected a small sample of feces in sterile plastic containers, froze them immediately, and returned them to the CRU the following day. Stool samples were stored at Ϫ20°C until FA analysis was conducted.
Study diet. The CRU research dietician created menus for two full days of nutrient-controlled meals that provided 15% of calories as protein, 50% as carbohydrate, and 35% as fat, and 360 mg cholesterol/ day. The 2-day meal cycle was repeated once during the study. To assure that the diet contained sufficient 3 FA to accurately measure EPA (20:5) and DHA (22:6) absorption, the subjects took a 1,000-mg fish oil capsule with lunch and dinner. SPB (SEFOSE 2275), a component of the FDA-approved food additive Olestra, was obtained from Proctor & Gamble Chemicals (Cincinnati, OH). SPB was ground to a powder and incorporated into baked items (e.g., muffins, breads, cookies) eaten at each meal such that the daily SPB intake was 5% of total fat intake. Thus, for example, a 2,000 kcal/day diet with a 35% fat content contained 3.9 grams of SBP, the same amount contained in a half ounce serving of "low-fat" potato chips (ϳ8 chips) (52) . For analysis, all the foods in the 2-day diet cycle, plus the fish oil capsules, were combined, homogenized, and stored at Ϫ20°C. Compliance with the diet was monitored by having the subjects complete daily checklists of which foods they did/did not consume, and thereafter, in the analysis phase of the study, by monitoring the appearance of BA in the fecal samples.
FA analysis. Weighed samples of the homogenized diet and the subjects' stools were saponified with methanolic NaOH, extracted with hexane, and analyzed in duplicate by gas chromatography-mass spectroscopy (6) to quantitate the concentration of BA (22:0) Genetic polymorphism analysis. Buffy coat DNA was collected from each subject and analyzed in the CRU Molecular Genetics Core Laboratory to identify several single nucleotide polymorphisms (SNP) in the genes for key proteins involved in chylomicron assembly that have been previously reported to alter postprandial plasma TG levels. Table 1 lists these SNP, their allele frequencies, and their reported impact on postprandial plasma TG. DNA sequencing reactions were performed as previously described (19) . Sequencing products were analyzed on an ABI 3730 XL DNA Analyzer (Applied Bioystems, Foster City, CA). Sequence alignment and polymorphism identification were performed with Sequencher 4.2 (Gene Codes, Ann Arbor, MI). A genotype for each SNP was successfully assigned for most of the subjects.
Statistical analysis. Data were analyzed using Sigma Stat 3.00 (Systat Software, San Jose, CA). Parametric data are expressed as means Ϯ SE. The significance of differences in the mean coefficients of absorption among individual FA was determined by analysis of variance with Holm-Sidak or Dunn's multiple-comparison post hoc testing. Correlations among total dietary TG absorption efficiency, BMI, and body surface area were examined by Pearson product The significance of differences in the frequency of variant alleles between male and female subjects was determined by Chi-square analysis. Differences were considered significant at P Ͻ 0.05.
RESULTS
A total of 44 subjects (36 women and 8 men) participated in the study. Subject age ranged from 21 to 59 yr; the mean age of the entire cohort was 34.3 Ϯ 1.6 yr ( No subject experienced any gastrointestinal side effects from the study diet. The coefficient of absorption for total dietary TG for the entire cohort was 0.92 Ϯ 0.01; the coefficient of variation was 7.4%. Gender had no effect on total dietary TG absorption efficiency. There was no significant correlation between total dietary TG absorption efficiency and either BMI or body surface area in either gender.
The efficiency with which individual FA were absorbed was influenced by both acyl chain length and saturation. For saturated FA, absorption efficiency decreased with increasing chain length from 0.953 Ϯ 0.017 for myristic acid (14:0) to 0.798 Ϯ 0.032 for stearic acid (18:0), and fell sharply to 0.264 Ϯ 0.02 for arachic acid (20:0) (Fig. 1A) . A similar pattern was observed for the monounsaturated FA: absorption efficiency decreased from 1.000 Ϯ 0.000 for myristoleic acid (14:1) to 0.860 Ϯ 0.029 for eiscosenoic acid (20:1) (Fig. 1B) . Absorption efficiency increased for C18 FA with the number of double bonds, from 0.798 Ϯ 0.032 for stearic acid (18:0) to 0.963 Ϯ 0.009 for ␥-linolenic acid (18:3) (Fig. 1C) and similarly for C20 and 22 FA, from 0.264 Ϯ 0.02 for arachic acid (20:0) to 0.998 Ϯ 0.001 for EPA (20:5) (Fig. 1D) . Gender had no effect on the mean absorption efficiency of any FA; there was no correlation between individual FA absorption efficiency and either BMI or body surface area.
Because acyl chain length and saturation are the major determinants of FA physicochemical properties, we examined the relationship between FA absorption efficiency, melting point, and hydrophobicity. The highly unsaturated FA ARA, EPA, and DHA displayed the lowest melting points and highest fractional absorption (Fig. 2) . In general, FA absorption efficiency was inversely related to melting point, although the slope of the curve for polyunsaturated FA was much shallower than that for monounsaturated or saturated FA; moreover, the saturated FA, which are solid at body temperature, displayed a curve that was discontinuously shifted to the right. Examination of the relationship between FA absorption efficiency and hydrophobicity (expressed as reverse-phase HPLC column retention time or micellar partition coefficient) yielded a much more uniform set of inverse relationships among all classes of FA (Fig. 3) , most likely because hydrophobic partitioning of FA between mixed micelles and the unstirred water layer is a critical determinant of FA uptake by the enterocyte brush border (12) .
The final step in intestinal fat absorption is chylomicron assembly and secretion (1, 25) . Of the key proteins involved in this process, several contain SNP reported to impact postprandial plasma TG levels (2, 21, 40, 43, 46, 54) (Table 1) , which suggests that they might modulate intestinal TG absorption. The frequency of these variant alleles in the entire cohort was similar to that reported in the literature; there was no significant difference in variant allele frequency between men and women. Analysis of the impact of these alleles on FA absorption revealed that, with the exception of a small but significant effect of the fatty acid-binding protein-2 (FABP2) 54T-allele on linoleic (18:2), linolenic (18:2), and eiscosenoic (20:1) acid absorption, none of the variant alleles had a significant impact on the absorption efficiency of individual dietary FA (Fig. 4) .
DISCUSSION
Over the course of evolution, TG emerged as a major form of energy storage because of their high energy density and low metabolic cost of storage (18) . Efficient TG absorption is thus a biological imperative, especially in mammals, whose metabolic paradigm requires that sufficient energy stores are available for thermogenesis, internal gestation, and lactation (53) . Nonetheless, the nutritional advantages of TG are offset by a significant biophysical problem: they are insoluble in water. Thus, dietary TG absorption requires a complex sequence of intraluminal and intracellular processes: TG are first emulsified in the stomach and hydrolyzed by gastric and pancreatic lipases; liberated FA are solubilized in bile acid mixed micelles and transported through the brush border in the enterocyte, where they are bound by caveolin-1 (58) and FABP2; and finally, short-chain FA (i.e., those with Ͻ12 carbons) pass directly into the portal circulation, whereas long-chain FA (i.e., those with Ͼ12 carbons) are reesterified to TG and enter the chylomicron assembly pathway, where they are packaged into nascent lipoproteins and secreted into the mesenteric lymphatics (12, 50) . Given the complexity of these processes, it would seem likely that multiple biophysical, biological, and genetic factors could affect the overall efficiency of FA absorption.
Although differences in the efficiency of dietary FA absorption have been described in animals (33, 34) , the majority of human studies that have examined the intestinal absorption of individual FA have been conducted in hospitalized premature infants and neonates (7, 13, 17, 27, 39, 47, 48, 63 ) not only because fat balance studies are easier to perform in this setting (i.e., milk or formula intake can be precisely measured, and obtaining a complete fecal collection is a simple matter of saving diapers) but also because this information was directly relevant to optimizing the FA composition of enteral formulas used to treat critically ill infants at nutritional risk (7, 49) . Most of these studies noted that palmitic and stearic acid are absorbed less efficiently than the other major dietary FA; absorption of the longer, highly unsaturated FA was either not determined, or, unlike our present observations, found to be the least efficient (7, 13, 49) , possibly because of the impaired lipase and bile acid secretion that characterize the immature digestive tract (39) . The few studies that have measured individual FA absorption in adults have similarly noted that saturated FA, particularly stearic acid, are absorbed with lower efficiency (5, 15, 29) . However, to date, quantitative data on the absorption of the full spectrum of dietary FA in adults have not been reported.
Our findings reveal that there is considerable variability in the efficiency with which individual FA are absorbed by the healthy adult gut. Specifically, we observed that absorption of saturated FA is less efficient than mono-or polyunsaturated FA and that the absorption efficiency is inversely related to the number of carbons in the fatty acyl chains but is increased with the number of double bonds. The observed effects of acyl chain length and saturation on the efficiency of dietary FA absorption cannot be explained by a differential substrate specificity of pancreatic lipase, since chain length has only a weak impact on its rate of hydrolysis, and higher degrees of fatty acyl desaturation actually inhibit its activity (41, 68) . Rather, the inverse relationship between FA hydrophobicity and absorption efficiency is evidence of the central importance of physicochemical phenomenon in intestinal FA absorption, specifically solubilization into bile acid mixed micelles in the lumen, micellar diffusion through the unstirred water layer, and uptake by the enterocyte brush-border membrane (12, 50) . In this regard, acyl chain length is a critical factor determining micellar partitioning (8, 55) , which, in turn, was shown to be a major determinant of mucosal FA uptake in an inverted gut sac model of intestinal transport (56). Several common SNP in key proteins in the chylomicron assembly pathway are reported to alter the postprandial plasma TG response to a lipid meal (Table 1) , which suggests that they act by either modulating the efficiency of TG absorption or by altering postabsorptive processes such as intravascular chylomicron lipolysis or hepatic uptake. Apolipoprotein (Apo) B and microsomal triglyceride transfer protein (MTTP) are ancient intracellular lipid transfer proteins that are required for the assembly and secretion of TG-rich lipoproteins (57). Mutations that generate truncated forms of apo B or dysfunctional MTTP result in impaired (hypobetalipoproteinemia) or absent (abetalipoproteinemia) intestinal TG absorption, respectively (61) . Two common apo B SNP, V591A and 2488CϾT, are associated with lower postprandial TG levels (40, 54) , whereas a Ϫ493G/T nucleotide substitution in the MTTP promoter is associated with a higher postprandial TG area under the curve (43) . Apo A-IV is a 46-kDa glycoprotein synthesized by the intestinal enterocytes during TG absorption (59) . In vitro studies have shown that mutations near the apo A-IV COOHterminus can dramatically alter intracellular chylomicron assembly and TG transport (42) , although recent studies in apo A-IV knockout mice found no impact on FA absorption (31) . In this regard, individuals carrying an allele for the most common apo A-IV SNP, which encodes a T347S substitution, display lower postprandial TG area under the curve (21, 46) and have a higher BMI and adiposity (65) . However, despite these suggestive observations, we found that apo B, MTTP, or apo A-IV alleles had no impact on total dietary TG or individual FA absorption.
FABP2, a member of a large family of intracellular lipid transport proteins (60) , is highly expressed in the enterocytes of the small intestine, where it binds intracellular free FA with high affinity. An A54T substitution in the FABP2 gene increases chylomicron secretion in intestinal explants (37) and is associated with increased postprandial TG levels (2), insulin resistance (3), and obesity (3, 35) . However, contrary to the anticipated positive impact of this allele on FA absorption, 54T carriers in our cohort displayed significant, albeit very small, decreases in the absorption efficiency of linoleic (18:2), linolenic (18:3), and gadoleic (20:1) acids (Fig. 4) . Given the small magnitude of the 54T effect, and the fact that mice bearing a disrupted FABP2 gene did not display any metabolic evidence of intestinal fat malabsorption (62) , these data suggest that FABP2 plays a modulating rather than obligatory role in lipid absorption and may exert its peripheral metabolic effects by other mechanisms.
Why did we fail to observe an impact of these polymorphisms on FA absorption? One possibility is that, although polymorphisms such as FABP2 rs1799883 and MTTP rs1800591 may increase the rate of chylomicron synthesis and/or TG transport on a cellular level, the absorptive redundancy of the small intestine may mask any effect on bulk TG transport efficiency at the organ level (51) . Another possibility is that postprandial TG area under the curve can be a poor surrogate for intestinal TG absorption efficiency, since it reflects a balance between intestinal lipoprotein production rate and intravascular clearance (67) . In this regard, apo B and apo A-IV are both secreted on the surface of chylomicrons, and their impact on postprandial TG levels may be mediated primarily by apolipoproteindependent intravascular clearance mechanisms (21, 67) . Finally, the limited numbers of SNP we examined in our relatively small subject cohort may not have been sufficient to detect very small allelic effects on FA absorption.
These data raise the question as to how digestive disorders that interfere with different steps in TG digestion might affect the differential absorption of specific FA classes. For example, we predict that conditions that impair TG emulsification [e.g., gastric resection (64) or dysmotility (30) ] or inhibit TG lipolysis (e.g., pancreatic insufficiency) might be expected to indiscriminately decrease the absorption of all FA, whereas conditions that alter physiological bile acid recycling (e.g., ileal resection, cholecystectomy, use of bile acid binders) might be expected to selectively decrease absorption of the most hydrophobic FA by interfering with their solubilization in mixed Fig. 4 . Impact of selected genetic polymorphisms on fatty acid absorption. Complete genotype data for the indicated single nucleotide polymorphism was available for 42 subjects. For each fatty acid, bars indicate the difference Ϯ SD in mean percent absorption between subjects homozygous for the common allele and subjects carrying one or two copies of the variant allele. Thus, positive values indicate that carriers of a variant allele absorbed that fatty acid less efficiently than subjects homozygous for the common allele; negative values indicate that variant allele carriers absorbed that fatty acid more efficiently. Open bars indicate that the difference between genotype groups was significant at P Ͻ 0.05; all other differences were not statistically significant. APO, apolipoprotein; FABP2, fatty acid-binding protein-2; MTTP, microsomal triglyceride transfer protein.
micelles. The impact of bariatric procedures on selective FA absorption may be of particular interest, since the G proteincoupled receptors on the surface of L cells in the distal gut that mediate secretion of GLP-1 and PYY exhibit distinct FA ligand specificities (10, 20, 22) that could be amenable to dietary and pharmacological manipulation.
A caveat to this study is that we did not compare the SBP method with traditional fat balance techniques. However, our goal was not to measure total TG absorption, but rather to examine the differential absorption of individual FA, for which the SBP technique is uniquely suited. In this regard, Dorsey et al. reported a significant correlation between total TG absorption efficiency measured using SPB vs. fat balance methods in patients with cystic fibrosis (14) , although the correlation coefficient was only 0.219, and the values determined by the SPB method were lower than those found by the fat balance method and exhibited considerable variability. However, it is important to note that their study design was significantly different from our study in several critical aspects: 1) the severity of pancreatic insufficiency and the dosing of pancreatic enzyme replacement was not standardized in their subject cohort; 2) the TG content of their subjects' diets was not rigorously controlled by a research kitchen, nor was it directly assayed; 3) their subjects ate only a single small test meal containing SPB, rather than a 3-day diet that incorporated SPB into foods eaten at each meal; and 4) the lauric acid-to-BA ratios in the test meal and feces were used as a surrogate for total dietary TG absorption. Together, these factors likely contributed to the wide variability in TG absorption values they observed with both methods, with coefficients of variation ranging from 20.1 to 43.9%, and the low correlation coefficient between the two. On the other hand, the approach used herein yielded coefficients of variation for total dietary TG absorption of 7.4% in the present study and 9.4% in a recent study of orlistat-induced dietary fat malabsorption (Weinberg, unpublished data) . Finally, it is important to acknowledge that FA that are less efficiently absorbed, e.g., stearic acid, may undergo chain shortening and other modifications by the action of colonic bacteria, and hence their absorption efficiency may be underestimated by nonisotopic techniques that cannot correct for this phenomenon (28) .
In summary, using SBP as a nonabsorbable marker we have observed that acyl chain length, saturation, and hydrophobicity, but not common genetic polymorphisms in key proteins involved in chylomicrons assembly, are the major determinants of the efficiency with which the major dietary FA are absorbed by the small intestine in healthy adults. Companion studies are currently in progress to delineate the impact of bariatric surgical procedures and luminally active agents that inhibit TG lipolysis and BA absorption on the absorption of individual dietary FA.
